This paper proposes a method to precisely manipulate a microrobot in the pulsatile flow that simulates the flow characteristics of human blood vessels by utilizing the electromagnetic transfer function of a magnetic navigation system (MNS). The frequency response characteristics of the MNS were utilized so that the input voltages in each coil can precisely generate the required timevarying magnetic force of a microrobot. An experiment which successfully anchoring a microrobot in a pulsatile flow was conducted to verify the proposed method.
I. INTRODUCTION
Coronary artery disease has become one of the major causes of human deaths worldwide.
1 Since the conventional treatment requires the use of a catheter which has limitations to be applied for human blood vessels, magnetic navigation system (MNS) for the wireless manipulation of microrobots has been proposed as a possible surgical alternative. Since the manipulating power of a microrobot is based on the external magnetic field, such robots can be wirelessly manipulated to navigate through the narrow and twisted blood vessels in order to drill the clogged blood vessels or deliver drugs to the target points.
Several researchers have shown that a microrobot can be manipulated in various environments. [2] [3] [4] [5] Grady et al. showed that a small cylindrical permanent magnet was magnetically moved under a fluoroscopic guidance within a canine brain. Ishiyama et al. showed that a spiral-type micromachine in silicone oil can generate a drilling motion.
3 Jeon et al. showed that a MNS composed of Maxwell, Helmholtz, and saddle coils can manipulate a microrobot in a plane. 4 However, these studies did not consider the inevitable pulsatile flow in the human blood vessels caused by heartbeat. This paper calculated the electromagnetic transfer function of the MNS shown in Fig. 1 . 4 It utilized the frequency response characteristics of the MNS to calculate the input voltages in each coil to generate the required time-varying magnetic force of a microrobot in a pulsatile flow. An experiment was conducted to evaluate the effectiveness of the proposed method.
II. MAGNETIC FORCE OF MNS UNDER PULSATILE FLOW
For the MNS composed of Maxwell coil (MC), Helmholtz coil (HC), gradient saddle coil (GSC), and uniform saddle coil (USC) shown in Fig. 1 , the magnetic force of a microrobot in a plane can be expressed as shown in Eq. (1) once Eq. (2) is satisfied
where l 0 , M, V, h, i m , r m , i g, and r g are the magnetic permeability of free space, the magnetization, the volume and the aligned angle of the microrobot, and the current and the radius of the MC and the GSC, respectively. Considering that the MNS consists of several pairs of coils with hundreds of turns, the capacitance effect of the MNS can be negligible. Therefore, the voltage equation of the MNS can be expressed as follows:
where L, R, i , and e are the inductance and resistance matrices, current and voltage vectors, respectively. Considering the geometric symmetry shown in Fig. 1 and the fact that the same currents are flowing in each coil pair, the dimensions of the matrices and the vectors can be calculated as 4 Â 4 and 4 Â 1, respectively. The resistance matrix can be calculated using Ohm's law, while the inductance matrix can be calculated using Neumann's formula. 6 This research transforms Eq. (3) Author to whom correspondence should be addressed. Electronic mail: ghjang@hanyang.ac.kr.
where x and G are the driving frequency and the transfer function matrix, respectively. By utilizing this transfer function, sinusoidal input voltages compensating for the changes of magnitude and phase due to changes in frequency can be calculated. Because the HC and the USC generate the aligning torque of the microrobot, the input voltages in these coils can be assumed to be constant. 
where G ij is the component of the transfer function in Eq. (4) that corresponds to the output current of the ith coil due to the input voltage of the jth coil, and the subscripts m and g represent the MC and the GSC. The resultant sinusoidal magnetic force of the microrobot can then be calculated from Eqs. (1), (4), and (5). Because the transfer function is determined only by the geometric specifications of the MNS and the driving frequency, the sinusoidal magnetic force of a microrobot can be generated by controlling the input voltage of the MC once Eq. (5) is satisfied.
III. RESULTS AND DISCUSSION
This paper developed an experimental setup which can anchor a microrobot in a pulsatile flow as shown in Fig. 2 to verify the proposed method. Table I shows the coil specifications of the MNS. Table II shows the calculated and measured resistances and self-inductances of the MNS, which match well within a reasonable range. A pulsatile flow with triangular shape is generated in the water of an acryl tube with a diameter of 10 mm which is horizontally placed along the x-axis. Its fundamental frequency and flow rate are 1.68 Hz and 30 cc=stroke, respectively. The pressure is measured by using a pressure gauge and its maximum and minimum pressure at the bottom of the tube is measured as À63 and 171 mm Hg, respectively. And the diameter, length, and magnetization of a microrobot are 1 mm, 5 mm, and 955 000 A=m, respectively. Considering that the microrobot is located on the bottom of the acryl tube, the microrobot can be assumed to be in equilibrium in the normal directions with respect to its moving direction where the required timevarying magnetic force to anchor the microrobot is applied.
Generally, the variation of pressure in human blood vessels is relatively easy to measure and it has approximately the same trend as that of the velocity, 7 while the drag force of a microrobot is expressed in terms of the flow velocity.
5 And it can be assumed that a Coulomb's friction force acts on a microrobot opposite to its moving direction considering that the microrobot is located on the bottom of the acryl tube. Therefore, the required currents in the MNS to generate the magnetic force which can properly compensate both the drag force and the Coulomb's friction force of a microrobot can be expressed in terms of the pressure P f . Thus, this research assumed an approximate equation of the current in the MC to anchor a microrobot as i m ¼ aP 2 f þ b, and the current in the GSC can be determined by Eq. (2). The coefficients a and b are predetermined as 0.319 mA=mm Hg 2 and 1600 mA through an anchoring experiment with the microrobot in a steady flow. Figure 3(a) shows the calculated currents and their approximated Fourier series with 20 terms of the MC and the GSC to anchor a microrobot in the pulsatile flow. Considering that the flow is steadily pulsating and the approximated curves are composed of the sinusoidal functions, the required input voltages in the MC and the GSC can be simultaneously calculated as shown in Fig. 3(b) by using Eqs. (1), (4), and (5). Before generating the magnetic force of a microrobot, the constant input voltages are applied to the HC and the USC as shown in Fig. 3 À102.3V in the MC and GSC, respectively, which was experimentally determined to minimize the oscillation of the microrobot with respect to an equilibrium point. Curve II shows the position of the microrobot under input voltages calculated by simply multiplying the currents in Fig. 3(a) with the coil resistances. Curve III shows the position of the microrobot under the input voltages in Fig. 3(b) , which was derived from the proposed method of this research. Without including the pressure difference between the pressure gauge and the microrobot, the proposed method reduces the fluctuation of the microrobot by 90% as shown in curve III. Figure 4 shows that a microrobot can be effectively anchored in a pulsatile flow by considering the electromagnetic transfer function of the MNS.
IV. CONCLUSIONS
This research developed a method that can generate time-varying magnetic force of a microrobot in a pulsatile flow by considering the electromagnetic transfer function of the MNS. An experiment anchoring a microrobot shows that the proposed method can be used to effectively manipulate a microrobot in a pulsatile flow. It can contribute to the precise manipulation of microrobots in human blood vessels. 
